Thirty strains from the 11 species of the genus Leptospira were studied by multilocus enzyme electrophoresis at 12 enzyme loci, all of which were polymorphic. The mean number of alleles per locus was 65. Twenty-five electrophoretic types were distinguished. Grouping of the strains by cluster analysis was in general agreement with species delineation as determined by DNA-DNA hybridization, except for the strains of Leptospira meyeri and Leptospira inadai, which were scattered throughout the genus, reflecting previously recognized taxonomic uncertainties. Analysis of the clonality within L eptospira interrogans sensu strict0 indicated that this population was relatively heterogeneous and a lack of gene linkage disequilibrium could not be excluded. There was a genetic discrimination between the pathogenic species and the saprophytic ones. The phenotypically intermediate species (L. inadai and Leptospira fainei) were also genetically separated and were probably closer to the saprophytes than to the pathogens. In terna tiona I lo urna I of Systematic Bacteriology 49 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Fri, 28 Dec 2018 00:33:40 MEE analysis of genus Leptospira 17 L. madai(I) 24 L. farner (I) I L. bifexu(S) 25 L. wolfbahii (S) L. interrogans (P) L. inadai malaya H6 19 t L. meyeri ranarum ICF
INTRODUCTION
Bacteria of the genus Leptospira are the causative agent of leptospirosis, a worldwide zooanthroponosis (Johnson & Faine, 1984) . Virulence for susceptible animals is a differential character whch led to the primary subdivision of Leptospira into two nomenspecies : Leptospira interrogans, including the pathogens, and Leptospira btjlexa, comprising the nonpathogens. For epidemiological purposes, pathogenic isolates were further classified on serological grounds into 24 serogroups and more than 200 serovars (Dikken & Kmety, 1978) .
During the past decade, molecular taxonomy, especially DNA-DNA hybridizations, has greatly im-proved knowledge of the genus. These studies have shown that the two nomenspecies, L. interrogans and L. btjlexa, are in fact a mixture of several genomic species : seven pathogenic species (Ramadass et al., 1992 ; Yasuda et al., 1987) , Leptospira borgpetersenii, Leptospira inadai, L. interrogans sensu stricto, Leptospira kirschneri, Leptospira noguchii, Leptospira santarosai and Leptospira weilii, and three saprophytic species, L. bijlexa sensu stricto, Leptospira meyeri and Leptospira wolbachii. Recently, an eighth pathogenic species, Leptospira fainei, was described (Perolat et al., 1998) .
Other molecular approaches have been applied to taxonomic and epidemiological investigations of Leptospira genetics. These include restriction endonuclease analysis (Ellis et al., 199 l) , pulsed-field gel electrophoresis (PFGE) (Herrmann et al., 199 1, 1992) , ?Present address: Department of Pathobiology, University of Guelph, ribotyping (Perolat et a[. , 1993) , mapped restriction Abbreviations: ACO, aconitase; ADK, adenylate kinase; ALP, alkaline PCR (~p -p c~) (Perolat et 1994; Ralph al., * Identification of these strains is discussed in the text. status of some strains, an even species, is uncertain, as in the case of L. meyeri reference strain (serovar ranarum strain ICF), for which controversial taxonomic results are provided in the literature : although it was reported to represent a new species by Yasuda et al. (1987) , this strain was previously reported in numerous studies to be related to the pathogenic group (Brendle et al., 1974; Gravekamp et al., 1993; Hookey, 1992; Hookey et al., 1993; Letocart et al., 1997; Murgia et al., 1997; Segers et al., 1992) . (ii) Though great diversity is evident within the genus, the degree of proximity of the strains within the species has been poorly investigated. (iii) Lastly, little information is available on the genetic distinction between the saprophytic and pathogenic species.
In order to investigate these questions, the genetic structure of the genus Leptospira was studied by multilocus enzyme electrophoresis (MEE), which has not previously been performed on these bacteria. This method allows the analysis of many loci, representing several different metabolic activities, at the same time (Selander et al., 1986) . MEE has a large spectrum of applicability and it can distinguish nearly clonal strains (Beutin et al., 1990; Boerlin, 1997; Patton et al., 1991 ; Yakrus et al., 1992) as well as different species of a genus (Altwegg et al., 1991 ; Boerlin et al., 1991 Boerlin et al., , 1992 . MEE and DNA-DNA hybridization are strongly correlated (Altwegg et al., 199 1 ; Boerlin, 1997 ; Boerlin et al., 1991 Boerlin et al., , 1992 , so this study could attempt to determine whether uncertainties at the species level could be due to the method used or to discrepancies between reference collections. MEE analysis of genus Leptospira ments are according to Brenner & Kaufmann (1 994), which is the last genomic classification available on the basis of DNA-DNA hybridization.
Culture conditions. Each strain was grown to stationary phase in 1.5 1 EMJH medium (Ellinghausen & McCullough, 1965) in the dark at 30 "C with shaking. Preparation of lysates and electrophoresis. Lysate preparation, electrophoresis in starch gels (Sigma) and selective staining were performed as described by Selander et al. (1986) , except for catalase, which was stained by the method of Harris & Hopkinson (1976) . After testing more than 50 specific enzyme staining procedures and five different electrophoresis buffer systems, the following 12 enzymes and four buffer systems were chosen: buffer A, aconitase (ACO), adenylate kinase (ADK), fumarase (FUM), isocitrate dehydrogenase (IDH) and phosphoglucose isomerase (PGI) ; buffer B, malate dehydrogenase (MDH) and mannosephosphate isomerase (MPI); buffer F, catalase (CAT) and peptidases 4 and 5 (PEP4 and 5, the respective substrates of which are Leu-Leu-Leu and Phe-Pro); and buffer G, alkaline phosphatase (ALP) and glutamate dehydrogenase 2 (GD2). Statistical analysis of the data. Alleles were numbered in order of decreasing mobility and allele '0' represented a lack of detectable activity for the corresponding enzyme. Migration coefficients were unweighted. Under pure clonality, strong linkage disequilibrium should develop among loci. The GENEPOP software (Raymond & Rousset, 1995) was used to test whether loci in L. interrogans were in linkage equilibrium. Genetic distances among electrophoretic types (ETs) were calculated as shared allele distances, which is considered a strong method for tree topology restitution (Takezaki & Nei, 1996) , and two trees were constructed using the neighbour-joining method (Saitou & Nei, 1987) implemented in NEIGHBOR, part of the PHYLIP suite of programs (J. Felsenstein and University of Washington, [1991] [1992] [1993] , and the unweighted pair group method with averages (UPGMA). Table 2 summarizes the genetic diversities at the 12 loci, which were all polymorphic. The number of alleles at each locus varied from 3 (ACO, CAT and MDH) to 12 (PEP4), with a mean value of 6.5. The genetic diversity between alleles at a given locus was calculated according to the formula previously described by Selander et al. (1990) . It varied from 0.35 (MDH) to 0-90 (PEP4) with a mean value of 0-63 (Table 2) . L. kirschneri, L. inadai and L. meyeri had no monomorphic locus with a specific allele (Table 3 ). L. noguchii had specific monomorphic alleles for ALP and MPI, L. bzjlexa for GD2, PEP5 and PGI, L. weilii for ADK, ALP, MPI and PEP4, and L. wolbachii for FUM, MPI, PEP4 and PEP5 (these last two species were represented by one strain only). L. interrogans was monomorphic at the ALP locus and only shared this allele with L. inadai malaya H6 and L. meyeri ranarum ICF among the other species. It should be noted that these last strains did not cluster with their species on the dendrogram, but were instead included in L. interrogans (Figs 1 and 2) . The same situation was observed for L. borgpetersenii with L. meyeri Sofia Sofia 874 at the IDH and PEP5 loci.
RESULTS

Genetic diversity at enzyme loci
%
No specific allele was identified that allowed the pathogens and saprophytes to be distinguished. However, a lack of detectable activity for ALP was evident in L. bzflexa and L. wolbachii (but not in L. meyeri). It was also noticeable that CAT activity was not detected in most of the saprophytic strains, whereas it was present in nearly all pathogenic strains analysed. This observation confirms a previous report by Corin et al. (1978) .
Genetic relationships between ETs
The 30 strains included in this study were distributed among 25 ETs ( Table 1 ). Estimation of the genetic relationships between ETs is summarized on the dendrogram in Fig. 1 . Each species was clustered individually, except L. inadai and L. meyeri. Maximum genetic distances at the intraspecific level varied from 0.18 (L. santarosai and L. kirschneri) to 0.42 (L. borgpetersenii), which is largely consistent with the distance of 0.60 to 0.70 commonly accepted as delimiting different species (Boerlin et al., 1991) . No cluster of pathogenic species was obvious from the data obtained by MEE in the present study, although 
Gene linkage disequilibrium
None of the pairs of loci examined showed a statistically significant departure from random recombination, as expected for a non-clonal population structure (data not shown).
DISCUSSION
The polymorphism of the genus Leptospira has been demonstrated by several studies (Ralph et al., 1993; Ramadass et al., 1992; Yasuda et al., 1987) and is confirmed by the present MEE analysis. All loci considered in the present study were polymorphic with a mean number of alleles of 6.5, which is comparable to that found for organisms like Aeromonas (Altwegg et al., 199 1) or Campylobacter (Aeschbacher & Piffaretti, 1989) , with respective mean values of 6.5 and 6.9. Others, like Mycobacterium (Wasem et al., 1991) and Borrelia (Boerlin et al., 1992) seem to have less allelic diversity, with respective calculated mean values of 2.8 and 5-9. In contrast, the genus Listeria appears to be more polymorphic, with a mean number of alleles per locus of 9-5 (Boerlin et al., 1991) .
The mean genetic diversity within the genus Leptospira is 0.63, which is equal to that found for Campylobacter (Aeschbacher & Piffaretti, 1989 ) and comparable to the values of 0.64 for Treponema (Lymbery et al., 1990) and Aeromonas (Altwegg et al., 1991) or 0.67 for Borrelia (Boerlin et al., 1992) .
The L. interrogans cluster is relatively heterogeneous, the 11 strains studied being dispersed among six different ETs. On the other hand, some strains could not be separated under the conditions used in this investigation. This reflects the ambivalent nature of this species, which exhibits at the same time some heterogeneity and some homogeneity, as already suspected from studies of the organization of the Leptospira genome (Herrmann et al., 1991) . The fact that this species was the only one in which ETs with multiple strains were observed is very interesting, as it suggests that the species of this genus could have different population dynamics. This possibility should be investigated by the analysis of more strains in the species concerned. Determination of linkage disequilibrium within the L. interrogans population suggests a possible lack of clonality within the species (Brown et al., 1980) , as no pair of loci showed significant disequilibrium. If this is confirmed by the analysis of a larger number of strains and loci, it should be interpreted as the consequence of a non-clonal population structure and would involve sufficiently frequent chromosomal rearrangements that no important linkage disequilibrium appears in these bacteria (Krawiec & Riley, 1990; Wasem et al., 1991) . This hypothesis could be supported by the presence of intervening sequences in the genomes of these bacteria, which would testify for their potential plasticity (Boursaux-Eudes et al., 1995; Zuerner, 1993) , and will stimulate research into possible transfers of DNA between Leptospira, a domain which is still little explored (Saint Girons et al., 1990) . If recombinational events are relatively frequent in the genomes of these bacteria, ETs comprising multiple strains could be the consequence of a relatively recent divergence of the strains concerned (Maynard Smith et al., 1993) , which could be distinguished by PFGE (Herrmann et al., 1991 (Herrmann et al., , 1992 and AP-PCR. Nevertheless, care must be taken in the interpretation of these results, since linkage disequilibrium was calculated on a limited sample and more strains should be studied to confirm definitively the population structure of the species L. interrogans.
Two strains unrelated to L. interrogans were strongly integrated in its cluster. One of these was ranarum ICF, the type strain of the species L. meyeri, for which such a situation has already been observed. This strain was designated as representing a new species by Yasuda et al. (1987) , while it had been previously recognized as an L. interrogans strain by Brendle et al.
( 1 974). Similarly, rrs gene sequencing (Hookey, 1992 ; Hookey et al., 1993) , as well as PCR studies (Murgia et al., 1997) , revealed that strain ICF clustered with the pathogenic species. Its inclusion in the L. interrogans cluster by MEE was expected, since analysis of this strain in this laboratory, by molecular techniques including ribotyping (Perolat et al., 1993) , AP-PCR (Ralph et al., 1993) , MRSP (Ralph et al., 1993) and species-specific probing (Letocart et al., 1997) , was always consistent with its assignment to L. interrogans. Indeed, for strain ICF, with the exception of Yasuda et al.
( 1 987), who defined it as the type strain of L. meyeri, all other molecular studies (Gravekamp et al., 1993; Hookey, 1992; Hookey et al., 1993; Letocart et al., 1997; Murgia et al., 1997; Segers et al., 1992) have assigned it to the pathogenic group. In the case of malaya H6, the results of MEE were once more in agreement with previous typing in this laboratory : this strain was recognized by a specific probe directed against L. interrogans (Letocart et al., 1997) and its ribotype was identical to those of other strains known to belong to the L. interrogans species according to DNA-DNA hybridization (Brenner & Kaufmann, 1994; Perolat et al., 1993) . Lastly, these two strains share the same allele at the ALP locus with the L. interrogans strains, an allele not encountered in any other species in the present study. Heterogeneity among culture collections of reference strains is a more credible explanation for these discrepancies. Information given by the trees in Figs 1 and 2 on the phylogeny of the genus generally confirms the coherence of the species delineation as established by DNA-DNA hybridization. This was not true, however, for the two species L. meyeri and L. inadai, strains of which were scattered on the trees. The case of the reference strain of L. meyeri (ranarum strain ICF) has been discussed above ; the second strain, sofia Sofia 874, was distant from the former. Instead of representing the species L. meyeri in a separate cluster, it definitely belongs to the L. borgpetersenii cluster. In addition, strain Sofia 874 had identical alleles to the L. borgpetersenii strains at the IDH and PEP5 loci, which were monomorphic and specific to this species. When hybridized to species-specific probes (Letocart et al., 1997) , sofia Sofia 874 was recognized by the probe directed against L. borgpetersenii strains and not by another probe directed against the two species L. interrogans and L. meyeri (Letocart et al., 1997) . These results are also in agreement with ribotyping (Perolat et al., 1993) , where sofia Sofia 874 had the same ribotype as nona Nona, identified as an L. borgpetersenii strain by DNA-DNA hybridization (Brenner & Kaufmann, 1994) . Similarly, PCR studies were in agreement with classification of strain sofia Sofia 874 among the pathogenic leptospires (Murgia et al., 1997) .
L. inadai and L. fainei are characterized by an intermediate response to the phenotypic characters used to distinguish pathogens and saprophytes (growth at 30 "C with 8-azaguanine and growth at 13 "C), which suggests a separate genetic status in view of these results. The cluster analysis also seems to be in agreement with the close relationship previously suggested between L. inadai and L. fainei (Perolat et al., 1998) . Concerning the comparison between pathogenic and saprophytic species, the species of the two groups are distinguished genetically on the two trees and L. inadai and L. fainei, which are phenotypically intermediate, seem to be separated genetically from both pathogens and non-pathogens and closer to the saprophytes (Figs  1 and 2) . The topologies of the trees seem to be in agreement with the hypothesis that the saprophytic leptospires are the most ancestral, from which the intermediate and pathogenic strains could have been derived by the acquisition of pathogenic characteristics.
In conclusion, the main contribution of this study is the demonstration of a close correlation between the results of MEE and those obtained by other molecular methods, in particular DNA-DNA hybridization. The data presented here provide a clear picture of the heterogeneity of the genus Leptospira at the species and subspecies levels. Genetic distinction between pathogenic and saprophytic species is evident on both trees, confirming previous reports related to rrs gene sequencing (Hookey et al., 1993) . An important taxonomic question exhibited by this work is the accuracy of the delineation and positioning of the two species L. meyeri and L. inadai. The case of L. meyeri has been discussed extensively here and elsewhere (Letocart et al., 1997) , with the same conclusion that there must be collection discrepancies that should be taken into account by the reference laboratories and resolved finally by the comparative typing of samples of these strains originating from reference laboratories. In the case of L. inadai, the lack of molecular characterization of serovars related to this species necessitates a comprehensive taxonomic investigation to clarify the status of these strains. The need for such studies is supported by rrs gene sequencing data confirming heterogeneity among the world collections of leptospires (D. Postic, personal communication), which seems responsible for the discrepancies concerning L. meyeri and L . inadai members. This initial work with MEE that focused on a representative set of strains should be considered as the basis for a comprehensive and new approach of the study of the genetic structure of the genus Leptospira. Further investigations including additional reference strains from serovars of public health interest will contribute to knowledge of the taxonomy of these bacteria.
